MARINE ECOLOGY PROGRESS SERIES M ar E col P rog
INTRODUCTION
N itrous oxide (N20 ) affects th e global clim ate in 2 w ays (Bange 2000) . In th e low er atm osphere, N20 acts as a g reen h o u se gas th at is m ore th an 100 tim es more pow erful in w arm ing potential th an C 0 2. N 20 is chem ically stable in the troposphere an d reach es the strato sphere w h ere it forms NO radicals in photochem ical reactions that are involved in th e destruction of ozone; hence, N20 contributes indirectly to the destruction of the ozone layer. A tm ospheric m ixing ratios of N20 have b e e n increasing steadily over th e past 100 yr (Battle et al. 1996) . The accum ulation of th e gas in the atm osphere is the result of u n b alan ced sources and sinks of N20 . A quatic systems, both salt-an d fresh w ater, contribute 25 to 30% of the total global N20 em ission (IPCC 1996) . E stuaries are calculated to account for approxim ately 60% of total m arine N20 production/em ission (Bange et al. 1996) . To u n d e r stand the biogeochem istry of N20 in estuaries, both quantification of N20 concentrations and fluxes, and u n d erstanding of factors controlling the production of N20 are necessary.
In aquatic systems, N20 can be produced during both nitrification and denitrification (Codispoti et al. 1992 (Codispoti et al. , 2001 ). The first step of nitrification, the oxidation of am m onia to nitrite, can be a source of N20 , in particular u n d er low oxygen concentrations (G oreau et al. 1980 , Jo rg en sen et al. 1984 , A nderson & Levine 1986 , Stüven et al. 1992 , Kester et al. 1997 . The concentration range of oxygen, u n d er w hich significant quantities of N20 p er unit volum e are produced, is very narrow. At oxy g en concentrations higher th an this critical range, oxi-dation to nitrite an d subsequently nitrate is com pleted w ith only m odest n et production of N 2O r w hile the am m onium oxidation reaction does not occur at all at oxy gen concentrations close to 0 an d below th e range for N20 production (Codispoti et al. 1992) . Besides this oxidative pathw ay, N20 m ay also be form ed in the reductive process of denitrification. D uring denitrifica tion, n itrate is red u ced to m olecular nitrogen gas (N2) via the interm ediates N 0 2, NO and N20 . N20 reduction is, at least in some denitrifying species, m ore sensitive to oxygen th an the oth er reduction steps (Betlach & Tiedje 1981 , Zumft & K roneck 1990 . This can lead to accum ulation of N 20 at low oxygen concentrations, in particular during periods w ith alternating, transient conditions (Naqvi et al. 2000) . O xygen concentration apparen tly has a strong regu latin g influence on N20 production. Additionally, am m onia concentration, n i trite concentration, pH, th e physical environm ent and the physiological characteristics of th e m icrobial com m unity d eterm ine the am ount an d extent of the e v e n tual em ission of N20 to the atm osphere. The overall factors controlling N20 production an d em ission seem to be d ep e n d e n t on th e specific conditions and the system studied, an d m ay vary temporarily.
At the global scale, N20 production an d em ission from riverine an d coastal system s has b een related to N loading (Seitzinger & Kroeze 1998) . Similarly, the m ain factor controlling N20 em ission from estuarine sed i m ents is N load (Seitzinger & Nixon 1985 , M iddelburg et al. 1995 .
At the level of isolated populations (G oreau et al. 1980 (G oreau et al. , A nderson & Levine 1986 (G oreau et al. , A nderson et al. 1993 and natural com m unities (Jorgensen et al. 1984) , oxy gen is governing N20 yield during nitrification and denitrification. C onsistent w ith these laboratory stu d ies, Yoh et al. (1983) rep o rted accum ulation of N 20 in oxygen-deficient layers of freshw ater lakes, an d Naqvi et al. (2000) rep o rted e n h an ced N20 production in a low oxygen zone of th e Indian continental shelf. T here ap p ear to be different controlling factors of N20 p ro duction at different scales, w ith nitrogen loading gov ern in g N 20 at th e global an d across ecosystem scales, and oxygen b ein g the key factor in laboratory studies and w ithin individual aquatic ecosystem s. M oreover, the tem poral variability in oxygen an d am m onium an d /o r nitrate availability m ay be another factor in n a t ural systems. Transient events rath er th a n long-term steady-state conditions have b e e n proposed to govern N20 production (Naqvi et al. 2000) .
In this study, w e p resen t a seasonal study of N20 concentrations in the Schelde estuary, a high-nitrogen, low -oxygen m acrotidal system. Furtherm ore, a natural com m unity from th e Schelde estuary w as u sed in con trolled laboratory experim ents to identify th e control ling factor of N20 production. T hese field an d ex p eri m ental d ata will be u sed to arg u e that oxygen is the controlling factor provided that am m onium is a b u n dant. Finally, w e present dissolved N20 d ata for a num ber of additional m acrotidal E uropean estuaries (Thames, Loire and Gironde) to strengthen our a rg u ments.
MATERIALS AND METHODS
Research areas. Sam ples w ere collected in the con text of BIOGEST, an E U -supported program on bio geochem ical processes and trace-gas production in a num ber of E uropean tidal estuaries (M iddelburg et al. 2002) . The Schelde estuary (also know n as the Scheldt and W esterschelde) drains an estim ated 21 000 km 2 of n o rthern France, Belgium and The N etherlands, an area w ith approxim ately 10 million inhabitants and a nitrogen load of 5 x IO9 mol N yr_1 (Soetaert & H erm an 1995) . Turbidity is high in the entire u p per estuary, w hich is illustrated by the observed su spended m atter concentrations (10 to 350 m g I-1). The Tham es estuary is a turbid, tidal estuary on the east coast of the UK, en tering the N orth Sea at S outhend on Sea. The drainage area of the river Tham es is rather small (14 000 km 2) but hosts a population of about 12 million, including London, and has a dissolved inorganic nitro gen load of 2.4 x IO9 mol N yr_1 (Trimmer et al. 2000) . The river Loire drains a m ajor part of central France and its estuary is w ell-m ixed and very turbid w ith sus p en d ed m atter concentrations over 1 g I-1. The rivers G aronne and D ordogne that drain a large p art of SW France feed the G ironde estuary. It is a w ell-m ixed, highly turbid estuary w ith su spended m atter concen trations over 1 g I-1. The Tham es, Loire and G ironde estuaries w ere studied only once in February 1999, Septem ber 1998 and Ju n e 1997, respectively. The Schelde estuary w as exam ined at m onthly resolution from April 1997 to April 1998. N 20 measurements. Dissolved N20 concentrations w ere m easured in surface w aters w hile sailing or on station using a continuous flow gas equilibrator con nected to a photoacoustic gas analyser (Bruei & Kjaer type 1302). This m ethod has b een described elsew here (Abril et al. 2000 , De W ilde & De Bie 2000 , M iddel bu rg et al. 2002 . H eadspace gas concentrations w ere recalculated to w ater concentrations using the te m p er ature-and salinity-dependent partitioning coefficient (Weiss & Price 1980) . The precision of dissolved N20 concentrations w as b etter th an 3 % and the accuracy is based on calibration w ith certified standards traceable to the US N ational Institute of Standards.
Ancillary measurements. Salinity, tem p eratu re and oxygen w ere m easured either w ith a CTD system, equ ip p ed w ith a polarographic oxygen sensor (THIS- The experim ent w as rep e a te d as described above, w ith the addition of 1% acetylene to the incom ing gas m ixture. A cetylene w as purified by passing it thro u g h a trap containing sulphuric acid followed by a trap containing 5M N aO H as ac cording to H ym an & Arp (1987) . A cetylene is a know n inhibitor of nitrification at low concentra tions. At h igher concentrations (10% v/v), it also inhibits the last step of denitrification, resulting in the accum ulation of N 20 . The concentration of acetylene w as m onitored every 5 min using the photoacoustic analyser.
RESULTS

Experiments
W ater from the up p er Schelde estuary w ith its natural com m unity w as am ended w ith ammonium, flushed w ith air until 100% saturation and su b se quently incubated for 4 d w hile stepw ise low ering im posed oxygen levels (Fig. 1) . In the absence of acety lene, th ere w as significant nitrification as reflected in increases in nitrate (6.7 ± 0.8 pM h-1) and nitrite (6.2 ± 0.4 pM h-1) and a proportional decrease in am m onium (-14.6 ± 1.3 pM h-1). In the presence of 1% acetylene, th ere w as no significant decrease in am m onium , while nitrite and nitrate w ere consum ed (Fig. 1C) . (Fig. 1A,B ). Fig. 2A shows the steady-state N 20 concentrations as a function of im posed oxygen levels. In the absence of acetylene, N20 concentrations w ere m axim al at an oxygen co ncentra tion of about 5 pM (1.5% air saturation; Fig. 2A ), but N 20 production occurred at all oxygen levels. At lower oxygen concentrations, N 20 concentration decreased, although some N 20 w as p roduced even w h en oxygen w as com pletely absent. In the presen ce of 1 % acety lene, th ere w as no m axim um in N 20 production at oxy g en levels of about 5 pM oxygen (1.5% saturation). However, high N 20 concentrations w ere observed un d er anoxic conditions. A cetylene is an inhibitor of the first step of nitrification (am monium oxidation) and the last step of denitrification (N20 reduction to dini trogen). The absence of N 20 production at low, non-0 oxygen in the p resen ce of the nitrification inhibitor acetylene provides evidence th at nitrification is the m ajor source of N 20 in this experim ent. The im por tance of nitrification w as fu rther illustrated by the im m ediate increase in concentration of N 20 upon addition of am m onium (Fig. 3) . 
Field observations
The Schelde estuary is a highly heterotrophic system w ith low oxygen levels and high N loading. Fig. 4 shows a detailed set of longitudinal profiles for April 1997. Am m onium concentrations w ere highest in the river Schelde (417 pM) and rapidly d ecreased w ith increasing salinity (Fig. 4A ). This d ecrease in am m o nium concentration w as accom panied by a propor tional increase in nitrate from 146 pM in the river to a m axim um of 429 pM at salinity 7.6 (Fig. 4B) . At higher salinities, nitrate concentrations d ecreased again due to dilution with relatively nitrate-poor N orth Sea w ater. Nitrification activity w as highest (0.025 pm olC I-1 h-1) in the riverine sam ples and increased dow nstream to a m axim um (0.046 pm olC I-1 h-1) at sal inity 7.6. Nitrification activities rapidly d ropped further dow nstream (Fig. 4C) . O xygen saturation levels w ere below 20 % in the low -salinity zone w ith high nitrification activities, while oxygen was su p ersatu rated in the low er estuary due to a spring bloom. Nitrification of am m onium to nitrate in the low-salinity, low -oxygen zone w as very likely in com plete because th ere w as significant production of nitrite (uniform concen tration of 15 pM; Fig. 4B ) and N 20 (245 nM at salinity 7.6; Fig. 4A ).
This basic p a tte rn of oxygen and n i tro g en species w as consistently o b served over the 13 mo period of o bser vation (Fig. 5) , although concentration levels and profile shapes varied in r e sponse to variability in river discharge, tem p eratu re and other environm ental factors. Am m onium concentration in the u p p er estuary varied from 86 pM in S ep tem b er to 483 pM in N ovem ber. C on centrations of N 20 in the tidal river v a r ied b etw een 8.7 nM in N ovem ber and 1457 nM in A ugust. N 20 show ed prom i n en t peak s in the period April until S ep tem b er w ith m axim um concentrations during A ugust. For all sam ples but the river in Novem ber, the estuary w as a net source of N 20 to the atm osphere w ith a m edian saturation ratio (observed/ equilibrium concentration) of 7.1 (atm o spheric equilibrium levels varied from 6.9 to 14 nM). In accordance w ith the experim ental results ( Fig. 2A) , N 20 concentrations w ere related to oxygen levels in a non-linear w ay w ith p eak concentrations of N 20 at oxygen sa tu ra tion levels b etw een about 2 and 15%, and low er N 20 concentration above and below this oxygen level (Fig. 2B) .
Am m onium concentrations in the G i ronde estuary varied from 0.4 to 1.6 pM w ith no clear tren d w ith salinity (Fig. 6A) . O xygen in creased from 65 % saturation in the river to close to sat uration in the most saline part. N 20 concentrations are relatively low and varied from 9.8 to 36.7 nM, consis tent w ith observations by Bange et al. (1996) and Abril et al. (2000) . Am m onium concentrations in the Loire e s tuary w ere also relatively low (2 to 5.5 pM). O xygen concentration in the Loire estuary w ere rather low w ith 2 oxygen m inim um zones, one dow n to 21 % saturation at salinity 7.5 and one dow n to 45 % saturation at salin- and F ebruary 1999 respectively ity 18 to 20 (Fig. 6B) . N 20 concentrations w ere rather low (7.3 to 21 nM), but show ed a m axim um in the oxy g en m inim um zone at salinity 18 to 20 (Fig. 6B) . A m m o nium concentrations in the river Tham es and up p er p art of the estuary w ere high (30 to 43 pM) but d e creased rapidly w ith increasing salinity (Fig. 6C) . O xy gen concentrations w ere low est in the u p p er estuary but w ere always above 50 % saturation. N 20 concentra tion ran g ed from 49 nM in the river to a m axim um of 93 nM at salinity 2.7 and th en steadily d ecreased dow n to 11.2 nM in the m outh of the estuary (Fig. 6C ).
DISCUSSION
C oncentrations of dissolved N 20 are the result of production as w ell as consum ption in the w ater bodies, inputs from the sedim ents, outgassing to the atm o sphere and dispersal. O ur data clearly revealed dis tinct N 20 m axim a in the Schelde estuary indicating either th at N 20 is locally produced or th at th ere are large local inputs from the sedim ents. Robinson et al. (1998) High N 20 concentrations in the Schelde estuary w ere consistently observed over a restricted range of salinity, w hich is also the zone of oxygen depletion (Figs. 4 & 5) . This m ight suggest th at salinity could be the controlling factor of N 20 production. In a previous study, w e discussed this possibility w hile com paring our data w ith N 20 m easurem ents from 1978 (De Wilde & De Bie 2000) . At th at time, the oxygen-depleted zone of the estuary w as m ore extensive and the N 20 p ea k w as observed at a higher salinity (i.e. m ore dow n stream ), but at the sam e oxygen concentration. This indicates th at salinity is m ore an indicator of the re aeration status of the estuarine w ater rather th an that th ere is a direct effect of salt concentration on N 20 production.
An oxygen control of N 20 production is also consis ten t w ith most of the literature observations (Codispoti et al. 1992 (Codispoti et al. , 2001 ). Experim ental studies w ith pu re cul tures (G oreau et al. 1980 (G oreau et al. , A nderson et al. 1993 (G oreau et al. , Kester et al. 1997 and suspended m arine sedim ents (Jor gensen et al. 1984) have clearly show n m axim um N 20 production at a narrow range of low, but non-0 oxygen levels. We found similar results in the experim ent w ith the natural estuarine population ( Fig. 2A) as well as in our field observations (Fig. 2B) . On the basis of these N20 -o x y g en relationships alone, it is difficult to con clude w h ether N 20 production in the natural po p u la tion is the result of nitrification or denitrification. A ddi tion of acetylene resulted in com plete inhibition of N 20 production above 1 % oxygen saturation, indicating th at the N 20 produced above this oxygen concentra tion is the product of nitrification. M oreover, addition of am m onium to natural com m unities resulted in higher N 20 concentrations consistent w ith a nitrifica tion source (Fig. 3) . The im portance of nitrification as a source of N 20 has also b een show n in the H um ber estuary through quantification of the transform ation of 15N -labelled am m onium into 15N -labelled N 20 (Barnes & O w ens 1998).
A consortium of am m onia-and nitrite-oxidising b a c teria carries out the com plete process of nitrification. N itrite-oxidising bacteria usually have a lower affinity for oxygen-th an am m onia-oxidising bacteria (Laanbroek et al. 1994 ), w hich m ay th en lead to the transient accum ulation of nitrite at low oxygen levels (Fig. 4B; H elder & De Vries 1983) . Since nitrite and N 20 can both be form ed during nitrification at low oxygen lev els, one m ight expect a correlation. They are indeed correlated (r2 = 0.42, n = 146), but interpretation of this correlation is not simple, because of the escape of the N20 gas into the atm osphere. M oreover, nitrite and N20 are also interm ediates in denitrification, and with the d ata at hand, w e cannot exclude some contribu tions by this process.
W hen com paring oxygen concentrations at w hich N20 is pro d u ced in laboratory experim ents (Figs. 1 & 2A) an d in estuaries (Figs. 2B, 4, 5 & 6) , it is clear that the N20 p eak s in the field are occurring at h ig her oxy g en concentrations th an in th e laboratory experim ent. M axim um N20 levels in the Schelde estu ary w ere observed at in situ oxygen concentrations in the range from 5 to 35 pM (2 to 15% air saturation; Figs. 2B, 4 & 5), w hile this ran g e w as m ore restricted and at a low er level in the laboratory experim ent (2 to 7 pM; 0.5 to 2 % air saturation). M axim um N20 concentrations in the Tham es, Loire and G ironde estuaries occurred at even h ig h er oxygen saturation levels (Fig. 6) .
In our incubations, w e vigorously stirred our w ater sam ples to optim ise gas ex change b etw een w ater and the h ead sp ace that w as analysed. This stirring also inhibited the developm ent of suboxic m icrosites so that all m icro-organism s m ost likely ex p erienced nearly the same, im posed oxygen level. O xygen concentrations m easu red in estu arin e w aters are not necessarily re p resentative for th e m icrosites at w hich N20 form ation m ight occur, e.g. in flocculate m aterial or in fluid m ud layers (Abril et al. 2000) . Anoxic m icrosites in the ab u n d an t flocculate m aterial have b e e n proposed as the site for denitrification in th e Schelde estuary (Soetaert & H erm an 1995) O n th e basis of our results, w e propose th e following m echanism for N20 production in estuarine w aters. Nitrifying b acteria travelling in th e estuary m ay be oxygen-lim ited in the u pstream part, w h ere am m o nium concentrations are high (De Bie et al. 2002) . As a consequence of estu arin e m ixing th ere is aeration and oxygen concentrations increase. O nce the oxygen con centration has reach ed a level at w hich am m onium oxidation can occur, nitrifying bacteria tu rn active (Billen et al. 1985) an d nitrite accum ulates in the water, because of the low affinity for oxygen of nitrite-oxidi sing bacteria (Helder & De Vries 1983) . Since the oxy g en concentration is still sub-optim al for am m onium oxidation, part of the oxidation products is released in the form of N20 . M ore dow nstream in the estuary, w hen oxygen has further increased, the nitrification reaction is carried out m ore completely, as indicated by increasing nitrate concentrations, and decreasing am m onium and nitrite concentrations. N 20 form ation is reduced, and the N 20 in the w ater is either em itted into the atm osphere or consum ed by other processes in the w ater or sedim ent and diluted w ith seaw ater (Barnes & O w ens 1998) . This m echanism is perfectly illustrated by the Schelde d a ta (Figs. 4 & 5) and may also apply to the Tham es estuary (Fig. 6) . W hen am m o nium concentrations are too low, like in the G ironde and Loire, N20 does not reach high levels. W hen oxy g en concentrations are very low, i.e. during sum m er conditions in the u p per Schelde estuary (Fig. 5 ) or in the fluid m uds of the G ironde estuary (Abril et al. 2000) , nitrification is oxygen-lim ited and denitrifica tion of nitrate m ay cause additional N20 production. Denitrification b ased N20 production m ay be su b stan tial given th at m axim um N20 concentration occur d u r ing the sum m er period w ith low oxygen conditions. A lthough our study has clearly revealed th at oxygen is the m ajor factor controlling N20 in estuarine sys tems, it is not in conflict w ith the conceptual nitrogen loading m odel of Seitzinger & Kroeze (1998) . Inte g rated over large spatial and tem poral dom ains, there are always areas in or periods during w hich oxygen supply is lim ited and denitrification occurs, i.e. in estu arine and coastal sedim ents that are rich in labile carbon. In coastal sedim ents, denitrification, and consequently N20 production, is prim arily lim ited by bottom -w ater nitrate concentrations either directly (nitrate influxes) or indirectly via en h ancem ent of the nitrification-denitrification coupling efficiency (M iddelburg et al. 1996) . N20 in estuarine system s w ith oxygenated w ater colum ns th en d ep ends on the nitrate and/or nitrite concentration in the w ater that affects N20 p ro duction processes in sedim ents (e.g. the Colne estuary in the UK, Robinson et al. 1998 Robinson et al. , D ong et al. 2002 or in fluid m ud layers (e.g. the G ironde estuary in France; Abril et al. 2000) . In estuarine system s w ith low w atercolum n oxygen concentrations, there is additional N20 form ation resulting from nitrification, w hich is con trolled prim arily by oxygen and am m onium availabil ity. M oreover, in the com plete absence of oxygen, th ere m ay be denitrification and N20 form ation in the w ater column. T here ap p e ar to be m ultiple controlling factors: nitrate availability for benthic N20 production during denitrification and oxygen (and am m onium and nitrate) for pelagic N20 production during nitrification and denitrification, respectively. T hese processes are not exclusive but additive an d m ay altern ate in their relative im portance d e p en d in g on th e system, the se a son and tidal cycle. This m ay th en explain w hy Cole & C araco (2001) found only a w eak correlation betw een average nitrate concentrations an d N 20 fluxes across a num ber of estu arin e systems.
In conclusion, this study has identified the non-linear relation b etw een low oxygen concentration and N20 production by nitrifying bacteria, both in the field and experim entally. The com bination of low oxygen con ditions w ith high nitrogen loads is not uncom m on in estuaries and other dynam ic coastal systems, w hich illustrates the im portance of estuaries as a source of n 2o .
